The dynamics of two-component Bose-Einstein condensates with coupling drive is studied using a pair of bosonic operators. We demonstrate that the effect of the coupling drive on the evolution of the relative phase of the two-component Bose-Einstein condensates depends on the initial relative phase difference between the two condensates. In some special initial phase differences (ϭ0 and ) the condensate density are not sinusoidal functions of time, and the interference pattern is not steady either. The coupling drive also reduces the amplitude and the period of the oscillation. The experimental realization of Bose-Einstein condensates ͑BEC's͒ ͓1-5͔ of dilute gases has opened the possibility to test fundamental concepts in quantum mechanics, such as wavelike behavior and quantum phase interference, most notably analogous to the Josephson effects in superconductors and superfluid 3 He at ultralow temperatures. Recently, considerable theoretical attention has been applied to measure and monitor the time evolution of the phase of atomic BEC's. Though it is impossible in principle to set up a ''standard of phase'' in BEC's ͓6͔, the independent condensates are expected to possess a relative phase, the existence of which has been confirmed by the experimental observation of a spatially uniform interference pattern formed by condensates released from two independent traps ͓7͔. Several papers were devoted to schemes ͓8-11͔ to measure the relative phase which is expected to give rise to a variety of interesting behaviors.
The experimental realization of Bose-Einstein condensates ͑BEC's͒ ͓1-5͔ of dilute gases has opened the possibility to test fundamental concepts in quantum mechanics, such as wavelike behavior and quantum phase interference, most notably analogous to the Josephson effects in superconductors and superfluid 3 He at ultralow temperatures. Recently, considerable theoretical attention has been applied to measure and monitor the time evolution of the phase of atomic BEC's. Though it is impossible in principle to set up a ''standard of phase'' in BEC's ͓6͔, the independent condensates are expected to possess a relative phase, the existence of which has been confirmed by the experimental observation of a spatially uniform interference pattern formed by condensates released from two independent traps ͓7͔. Several papers were devoted to schemes ͓8-11͔ to measure the relative phase which is expected to give rise to a variety of interesting behaviors.
Recently, the relative phase and its subsequent time evolution in two BEC's were measured using a time-domain, separated-oscillatory-field condensate interferometer ͓5͔. The two trapped condensates, created with a particular relative phase, are coupled by the coupling drive represented in the rotating-wave approximation. It has been found that the condensates retain a clear memory of their initial relative phase because of stable interference patterns, and the relative phase seems to possess a robustness which preserves coherence in the face of the ''phase-diffusing'' couplings to the environment. However, it is important to know how the coupling drive affects the evolution of the relative phase between two trapped condensates.
We consider a zero-temperature two-species Bose condensate system with weak nonlinear interatomic interactions and coupling drive. The coupling drive can be produced in experiment by a short two-photon pulse that transfers the atoms from one spin state to the other ͓12͔. In the formalism of the second quantization, the Hamiltonian of such a system can be written as
͑4͒
where iϭ1 and 2, and ⌿ i † (x) and ⌿ i (x) are the atomic field operators which create and annihilate atoms at position x, respectively, and satisfy the commutation relation ͓⌿ i (x),⌿ j † (xЈ)͔ϭ␦ i j ␦(xϪxЈ). Ĥ 1 and Ĥ 2 describe the evolution of each species in the absence of interspecies interactions, and U i (x)ϭ4ប 2 a i /m (a i and m are the intraspecies scattering lengths and the mass of the atom respectively͒. Ĥ int describes interspecies collisions and U i j ϭ4ប 2 a i j /m (a i j ϭa ji is the interspecies scattering lengths͒. Ĥ driv here represents the coupling drive, which is in the rotating-wave approximation, and is characterized by the sum of the microwave and rf frequencies r f , and by an effective Rabi frequency ⍀ ͓5͔.
We can obtain an effective two-mode boson Hamiltonian by means of ͓13,15,16͔
where â i † ϭ͐dxЈ⌽ iN (xЈ)⌿ j † (xЈ) is a creative operator which creates a particle with distribution ⌽ iN (x), and satisfies ͓â i ,â i † ͔ϭ1 and the frequency PHYSICAL REVIEW A, VOLUME 64, 015602
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and the coupling constants q,g, and are defined by
which characterize the strength of the interatomic interaction in each condensate, the coupling drive, and the interspecies interaction, respectively. Here ⌽ i (x)(iϭ1,2) denotes the stationary solution of the GP equations. In order to obtain analytical eigenstates of the Hamiltonian ͓Eq. ͑5͔͒, we introduce a new pair of bosonic operators Â 1 and Â 2 by the expressions
where Â 1 and Â 2 are slowly varying operators, which satisfy the usual bosonic commutation relations: ͓Â i ,Â j † ͔ϭ␦ i j . Then Hamiltonian ͑5͒ is represented in terms of the new boson operators as
where
The total number is a conserved quantity, and the number operator is N ϭâ 1 † â 1 ϩâ 2 † â 2 ϭÂ 1 † Â 1 ϩÂ 2 † Â 2 ; HЈ denotes a nonresonant term written as
and plays no essential role in the evolution of the measurable quantities specifying the macroscopic quantum phenomena of the two-condensates system ͓13͔. In the experiments ͓5,12͔, ⍀(ϳ6834 MHz)ӷ z (ϳ59 Hz) and q, Ӷ z , so the condition ⍀ӷ(Ϫq) was achieved in the experiments ͓5,12͔. Therefore, these nonresonant terms are fully negligible. Obviously, H A is diagonal in the Fock space of (Â 1 ,Â 2 ),
with eigenvalues
The coherent states ͉␣ 1 ,␣ 2 ͘ and ͉u 1 ,u 2 ), defined in Fock spaces of (â 1 ,â 2 ) and (Â 1 ,Â 2 ), respectively, are related to each other by
͑16͒
Then the state for the amplitude of the two species of a condensate system at time t can be explicitly written as
where ␣ 1 ␣ 2 *ϭ͉␣ 1 ␣ 2 ͉e i , denotes the initial phase difference of the components of the condensates. Then the explicit expression of the second condensates density can be written as
From Eq. ͑22͒, we see that the initial phase is memorized in the density N 2 (t) during the time evolution. In addition, the evolution of the density manifests itself in the collapse and revival, as pointed out by several authors ͓13,4͔, and the Rabi frequency ⍀ affects the period of the collapse and revival of the density in a complex way. When the twocomponent BEC's initially possess equal particle numbers, as in Ref. ͓5͔, Eq. ͑22͒ can be simplified to
To see how the Rabi frequency ⍀ of the coupling drive affects the density of the condensate, in Fig. 1 we plot the time evolution of N 2 (t) in the cases of various Rabi frequencies. Here we have assumed that qϭ1 and that the relative parameters gϭ0.49 and ϭ0.5 are measured in units of q and the time t is in 1/q. Figure 1 shows that the form of the best fit N 2 (t) is almost close to a sine function, implying that in this case the coupling nearly drives a weak link between two condensates. It is also clear that with the increase of the Rabi frequency ⍀, the amplitude and the period of oscillation of the condensate density decrease, which is in good agreement with the experimental observation reported in Refs. ͓5,7͔. From Fig. 2 , we see that the condensate density is highly sensitive to the initial value of the relative phase . When ϭ0 or ϭ, there are no oscillations. The influence of the initial relative phase difference on the amplitude and period of the oscillations is similar as that of the Rabi frequency. In particular when ϭ/6, the oscillation is quite similar to the experimental results in Ref.
͓5͔.
With the help of the Eq. ͑22͒, N 2 (t), with various ratios N 2 /N 1 is plotted in Fig. 3 . The number density N 2 (t) seems insensitive to the value of the ratio N 2 /N 1 . This indicates that the coupling drive is not a factor of decoherence in such a system ͓14͔.
The interference between two BEC's may be studied from the expectation value of the density operator,
where ⌿ϭ(1/ͱ2)(â 1 ϩâ 2 ). With the help of the Eqs. ͑10͒, ͑17͒, ͑20͒, and ͑15͒, we have phase. We find that in some special initial phase differences (ϭ0,), there would be no oscillation at all.
In conclusion, making use of the time-dependent Bogoliubov transformation, we analytically obtained eigenstates for the amplitude of two-component BEC's, including the coupling drive, and further calculated the number density of the second condensate and the interference density. With the help of a numerical calculation, we found that the evolution of the number density of the individual condensate performs a collapse and revival with a complex period, and displays a good sinusoidal line which is similar to the current-phase relation of a superfluid 3 He-B weak link reported in Ref.
͓14͔.
The amplitude and period of the number density and the interference density decrease with increasing Rabi frequency ⍀. Both the evolution of the number density and the interference density show that the coupling drive is not a factor of the decoherence ͓14͔. The evolution of the condensate density is sensitive to the initial relative phase difference, and insensitive to the initial value of the number ratio N 2 /N 1 . In some special initial values of the relative phase (ϭ0,), there would be no oscillations at all. Our theoretical result for N 2 (t), with ϭ/6, is in good agreement with the experimental observation in Ref. 
